Nowadays, fields that employ advanced techniques require a new type of education system that can reproduce a haptic sensation repeatedly. The environment-copying system has been developed for such an education system. The system is based on the bilateral control and can store and reproduce haptic data so that an operator can feel haptic sensation at any time and anywhere. Conventional environment-copying systems only treat the environment that has elastic characteristic. To solve this problem, two systems are proposed in this paper. One is the environment-identification system, wherein the saved force is divided into the force affected by the stiffness and the momentum of damper, using the Fourier transform to represent the environment with the identified mechanical impedance. The other is the state-to-state transition system, wherein the condition of the environment is considered from the view point of system connection. By using this system, dynamic environments such as these with nonlinear behavior can be expressed. The validity of the proposal is confirmed through experiments, and the experimental results show that the proposed system can satisfactorily store and reproduce the environment.
Introduction
Recently, a field requiring advanced techniques demands a new education system designed to reproduce the haptic sense repeatedly. In the medical field or the industrial field, for example, the education system which uses organs or precious metal has high risk and high cost. Therefore, the education system, which doesn't need real environment, is required. One of the education systems is achieved by using virtualreality (VR) technology (1) (2) or augmented-reality (AR) technology (3) (4) . Because these technologies are constructed by numerical formula model of approximated real-world haptic information, the reaction force of virtual environments is different from the force of the real-world environment. For an advanced education, however, the haptic information based on the real environment is required to get the real sensation. In response to this problem, an environment-copying system has been proposed (5) . Overview of the environment-copying system is shown in Fig. 1 . The environment-copying system consists of two systems: a environment-saving system and a environment-loading system. The system stores the haptic information and reproduces haptic sensation with the bilateral control. In addition to the advanced education, as the applications, a new media can be constructed adding the haptic information to the acoustic information and the visual information. In many conventional researches on a tactile display, the environment is not real but virtual (6) (7) . The proposed technique reproduces the stored data from real environments. On the other hand, the bilateral control is able to transmit the bilateral haptic information and human operators is able to feel the haptic sensation at the remote place (8) - (10) . In various studies for the bilateral control, a bilateral control on the basis of an acceleration control (11) has realized transmission of haptic information with high transparency (8) . This control is able to acquire the force between a master system and a slave system under the unknown environment without sensors. Using a bilateral control, a method of obtaining the reaction force from environment has been proposed (12) . This method reproduce motion according to the saved reaction force from environment. In addition, haptic camera has been proposed to obtain the impedance parameter of the contact environment (13) . The haptic camera, however, obtains simply the value of the mechanical impedance.
The environment-copying system is also one of the applications based on the bilateral control. At first, in the c 2013 The Institute of Electrical Engineers of Japan. environment-saving system, the haptic information of the environment is stored to an environment-data memory. Second, the environment-loading system reproduces the haptic sensation according to the environment-data memory. By using this system, the operator is able to feel haptic sensation at any time and at any place. However, the force information of various positions and various velocity should be saved in the conventional environment-copying system. Thus, the environment-data memory is vast. To solve these problems, the environmental impedance memory has been proposed as one of the methods of the environmental model (14) . However, the each conventional system only treat the environment with elastic characteristic.
According to such problems, this paper proposes the environment-identification system and the dynamic data reproduction with state transition. By using the environmentidentification system, the stored force information divides into two forces: the force affected by the stiffness and the force affected by the damper. Since the environmentidentification system doesn't need to model the environment, the error of modeling is gone away and various environments can be treated. In addition, the condition of the environment is considered from a view point of system connection. Considering a subsystem as a state of the environment, the connection matrix changes according to the motion of the operator or the behavior of the environmental condition. To describe the dynamical system connection, this paper introduces the expression of dynamical system connection (15) . Using the expression, the objects with nonlinear character is able to be used as the environment in the environmentcopying system. In short, the proposed environment-copying system has large advantage compared with the conventional methods.
Environment-Copying System
The proposed environment-copying system consists of three systems: an environment-saving system, an environment-identification system, and an environment-loading system. The environment-saving system stores haptic information of the environment to the environment-data memory. By using the stored environment data, the environmentidentification system identifies the mechanical impedance of the environment. Additionally, the environment-loading system, which is on the basis of the bilateral control, reproduces the haptic sensation according to the identified mechanical impedance. By using the environment-copying system, therefore, human operators feel the haptic sensation as if they are touching the real environment at any time and at any place.
Environment-Saving System
In the environment saving system, force and position information of the environment are acquired as the haptic information through the position control. In order to realize the robust acceleration control, the disturbance observer (DOB) (16) (17) is implemented in the motor, and the external force is estimated by the reaction force observer (RFOB) (18) . The block diagram of the environment-saving system is shown in Fig. 2 . In Fig. 2 , X and F are position and force, respectively. Superscripts ext , cmd , and res mean external, command, and response, respectively.ˆ represents estimation. Position response x res and estimated forceF ext are saved to the environment-data memory. C p denotes position controller, which are expressed as
where K p , K v , and s are position gain, velocity gain, and Laplace operator, respectively.
Environment-Identification System

Theorem
In general, the environmental haptic sensation is represented as follows:
where K, D, f K and f D represent stiffness coefficient, damper coefficient, force affected by the stiffness, and force affected by the damper, respectively. The momentum of damper p D is calculated by
where p 0 is the initial momentum. In terms of the momentum, the function includes only the position as a variable. The force affected by stiffness and the momentum of damper are stored to the environment-data memory as F mem and P mem by the following
Therefore, in the environment identification system, the separation of the force affected by stiffness and the force affected by damper is required. The estimated force is divided into the force affected by stiffness and the force affected by damper by using the Fourier transform, respectively. The Fourier transform is applied to the periodic signal. Since the response and estimation are not periodic in case of the environment with nonlinear behavior, the short-time Fourier transform is applicable by window. The window used in this paper is rectangular window to reduce the calculation cost. Additionally the size of window is selected appropriately not to be larger than the length of the pushing motion and the pulling motion. Since fast Fourier transform computing in each window is used, the size of window is n th power of 2. If the size of window is too large, the error of rectangular window influences the result of the environment-identification system. On the other hand, the size of window is too small, the force of damper is seen as the force of stiffness. Thus, in this paper the size of window is set 13th power of 2 (=8192). Because the sampling time is 0.1 ms, the window is 0.8192 s. The Fourier transforms of the position response and estimated force are given by
Each Fourier transform is represented as follows:
The phase angles of the force θ F and the position θ X are described as
Considering the vector diagram shown in Fig. 3 , the maximums of the force affected by stiffness F Kmax and the maximums of the force affected by damper F Dmax are represented as
In order to obtain the force affected by stiffness and damper in the frequency domain, the phase of force and position are focused on. The phases of the force affected by stiffness and position are in the same phase. On the other hand, the phase of the force affected by damper is different from that of position for 90 degrees. In the frequency domain, these forces are described as
where
mean the phases of the force affected by stiffness and damper, respectively. Finally, the inverse Fourier transforms are given by
Therefore, the estimated force is able to divide into the force Fig. 4 shows the overview of the environment-identification system. In the environmentsaving system, position response and estimated force are saved to the environment-data memory. After the force affected by stiffness and the momentum of damper are stored as F mem (x(t)) and P mem (x(t)) in the environment-identification system, the reaction force is acquired in the environmentloading system.
Simulations
The validity of the environmentidentification system is verified by the simulations. In the simulation, stiffness K(x) and damper D(x), which is depending on the position, are given by
In the environment-saving system, the signal x = 15 × 10 −3 cos(0.2πt) is added to the position controller as a command value. The stored responses are shown in Fig. 5 . By using the environment-identification system explained above, the estimated force is divided into the force affected by the stiffness and the force affected by the damper in Fig. 6 . The force and the momentum are stored to the environment-data memory, as shown in Fig. 7 . These simulation results confirm the effectiveness of the environment-identification system.
Environment-Loading System
The environment loading system consists of the master system and a slave system simulator, which is a virtual slave system. The bilateral controller controls both the master system and the slave system simulator. Fig. 8 shows the block diagram of the environment-loading system. In Fig. 8 , subscripts M , S , C , and D denote master, slave, common mode, and differential mode, respectively. C f means force controller and position controller, which are expressed as
where K f is force gain. Q 2 means the second-order quarry matrix (19) , which is defined as 
The reaction force F env (x res S ) is obtained from the environment-data memory, according to position of the slave system 
By using this system, the operator is able to feel the stored haptic sensation beyond time and space.
State-to-State Transition of Environment
In this paper, the haptic data of the contact environment is reproduced dynamically by using a state transition. To describe the state transition, the expression of dynamical system connection is introduced. Considering a subsystem as a state of the environment, the connection matrix changes according to the motion of the operator or the condition of the environment. By using this description, a novel environmentcopying system for active environmental condition is constructed.
When the environment deforms, the states of the environment are divided into three layers as Fig. 9 : elastic deformation (S1), plastic deformation (S2), and breaking (S3). The one-way arrow in Fig. 9 means the irreversible change between the layers. Each subsystem has the identified mechanical impedance of the environment. The connected state among these layers or subsystems is changed according to the motion of the operator or the behavior of the environment. In this paper, the operator operates the linear motor to contact with the environment with 1 degree-of-freedom (DOF) motion, as shown in Fig. 10 . Fig. 10(a) shows the initial state, and the linear motor contacts with the environment. Fig. 10(b) represents the pushing motion and the tip position of the motor x M is equal to the dent of the environment condition. On the other hand, the pulling motion is shown in Fig. 10(c) . Although the tip position x a is equal to the default x 0 at the elastic deformation, the position x a is changed with each the pushing motion at the plastic deformation. In the environment-saving system, the position x a is determined when the force is zero in pulling motion. Then in the environment-loading system, the position x a varies linearly according to the starting position of pulling motion for simplicity in this paper. To reproduce more precise tactile sensation, various motion data should be needed. The state-to-state transition of the environment condition is segmentalized as shown in Fig. 11 . There is one subsystem at the elastic deformation because the environment impedance are constant at the same position and velocity. Once master position x M is over a specific position of the environment x env , the environment can't return to the original shape. It means the transition to the layer of the elastic deformation. At the plastic deformation, the subsystem (S2) is divided into four subsystems: the pushing motion (B) and the pulling motion (C) in the contact state, and the pushing motion (E) and the pulling motion (D) in the unconnected state. The transition depends on the velocity of the masterẋ M and the relation between master position x M and position of deformed environment x a . Because of the equivalence relation between these four subsystems in the plastic deformation, the system connection is represented by using donator-receptor connection model (20) . The dynamic model of the plastic deformation is given by
where X ∈ GF (2) n×n , A D ∈ GF(2) n×n , and A R ∈ GF (2) n×n represent the connection matrix, donator matrix and receptor matrix, respectively. b ∈ GF(2) n and c ∈ GF(2) n mean coefficient matrix, and the subscripts D and R denote donator and receptor of information (15) . The donator is the window of each subsystem, which gives the information to the receptor. On the other hand, the receptor is the window of each subsystem, which is given the information to the donator. u ∈ GF(2) represents a external event input to change the connection directly. When the master position x M is less than the position x a , for instance, the state is switched from C to D according to equation (25), in which the signal u 1 is inputted. Here, GF(2) represents the Galois field having tow elements {0, 1}. The connection matrix of the system at the plastic deformation showed in Fig. 11 is given as
The connection matrix X represents the interaction between the four subsystems: S B , S C , S D , and S E . Once the stored energy U is over a specific energy U env , the environment breaks.
In the last subsystem of the breaking, the parameter of the environment is equal to zero. By using the aforementioned modeling, the states of the various environments can be represented with the connection state. At this time, the factor of the transition is the motion of the operator and the character of the environment. This modeling makes the environment-copying system apply to the environment with nonlinear behavior.
The proposal can describe the environment with logical equations. Thus, the proposed system is able to handle the nonlinear forces such as Coulomb friction as well as the environment with elastic. With increasing the number of subsystems, this system is able to extend to describe any environment.
Experiments
Experimental System
In this paper, the implementation of the proposed environment-copying system is carried out by using a linear motor. Overview of the environment-saving system is shown in Fig. 12(a) . In the environment-saving system, the linear motor is controlled by position control, and the force information is saved to the environment-data memory. In this paper, clay is used as a plastic environment. The saved force information is divided into the force affected by stiffness and the momentum of damper so that the force and the momentum are stored by the environment identification system. In the environmentloading system, the bilateral controller controls both the master and the slave simulator with the environment-data memory. In Fig. 12(b) , linear motor 2 is used as the operator. The state transition for the clay, which has the behavior of the Cut-off frequency of RFOB 1000 rad/s plastic deformation, is shown in Fig. 13 . The subsystem B and C mean the operator contacts with the environment in the case of pushing motion and pulling motion, respectively. The subsystem D and E mean the operator does not contact with the environment in the case of the puling motion and pushing motion, respectively. Pushing motion and pulling motion are shown by the red subsystem and the blue subsystem. The experimental parameters of the system are shown in Table 1 . Fig. 14 shows the saved position and force information in the environment-saving system. The system is controlled by the position controller. Next, by using the environment identification system, the forces affected by the stiffness and the momentum of damper are stored to the environment-data memory. The environment data in the case of pushing motion and pulling motion is shown in Figs. 15 and 16, respectively. Figs. 15(a) and (b) show the force affected by stiffness and the momentum of damper, respectively. It turns out that the reaction force is resulted from an action of stiffness and damper in the pushing Fig. 16(c) is the enlarged figure of Fig. 16(b) . It turns out that the force affected by damper is almost zero. Then, the stiffness is dominant in the pulling motion. The environment-loading system is carried out with Table 1 . Fig. 17 compares the results in the case of using the haptic data memory with using the real environment, where meshed areas mean pulling motion. The environment data is changed as shown in Fig. 17(a) by using the dynamic model. From the experimental results, it confirms that the experiment-loading system reproduces the similar haptic sensation of the clay, although there are some errors. However, the important point of this paper is to reproduce the haptic data dynamically with state transition. In the proposed method RMSE (Root Mean Square Error) of the results is 0.38, while RMSE is 1.26 in the conventional method. The haptic sensation in the proposed method is more similar to the real environment than in the conventional method. On this point, this paper has advantages compared with the conventional method.
Experimental Results
Conclusions
This paper proposed the environment-identification system and the dynamic data reproduction with state transition. In the environment-identification system, the saved force is divided into the force affected by the stiffness and the momentum of damper by using the Fourier transform. With the force and momentum, the haptic data of the contact environment is reproduced dynamically. The experimental results confirm that the proposed method reproduces the haptic sensation at any time and at any place. Although clay was used as the environment in this paper, this system is able to apply to various environments. In future, the model of state transition will be introduced diverse factors to expand the system. As the applications, the environment-copying system is expected to be an advanced education system.
